The pulse detonation engine (PDE) is a propulsion system that generates thrust by repetitive detonation. Performance of the PDE, such as specific impulse, has gained much attention. However, the details of operational conditions related to performance have not been clarified. In this study, to investigate these issues, a hydrogen-air PDE was constructed and the effect of the purge process on multi-cycle operations was studied. The exhaust of the burned gas from the PDE was made by rarefaction waves so that it is expected not to create internal disturbance, such as spiral, in the tube so that the burned gas can be exhausted smoothly. A purge process using air was applied to assist the exhaust process in order to prevent failures in multi-cycle operations. The effects of the purge-volume fraction were investigated. As a result, when a purge-air gas filled the region including the spark plug, detonations occurred in a stable manner. Using these conditions, multi-cycle experiments ranging from 10 to 50 Hz were conducted and profiles of the thrust-wall pressure are discussed in detail.
Introduction
The pulse detonation engine (PDE) is a propulsion system that generates thrust by repetitive detonation. Because the detonation wave has a supersonic propagation velocity, nearly constant volume combustion is realized. Therefore, the thermal efficiency is estimated to be higher than that of a gas turbine cycle, which is assumed to perform constant pressure combustion. 1) Due to the self-sustaining nature of the detonation wave that compresses a fresh mixture automatically, flight Mach numbers ranging from 0 to 4 are thought to be possible for aerospace applications without the use of any mechanical compressor or ram compression. 2) As another application, the PDE is expected to be applied to rockets (pulse detonation rocket engine, PDRE). Kasahara et al. 3) developed an ethylene-oxygen PDRE and verified the systems performance. The PDE system has been theoretically analyzed by Endo et al., 4) and the results of their model showed good agreement with the experiment. A numerical simulation performed by Sato et al. 5) supports these experimental and analytical results, and clarified the details of these physical phenomenon.
Recently, projects 6, 7) have been started applying the PDE to turbine systems. In this system, problems arise at the turbine interface with the detonation wave. The detonation wave generates, as a matter of course, an unsteady flow. Unsteady performance of the turbine must be estimated in order to predict turbine performance. Figure 1 shows a schematic of the PDE cycle. The cycle is comprised of four processes (i.e., injection, combustion, exhaust and purge). In the injection process, fuel and oxidizer are injected to maximize the uniformity of the mixture in the combustor. During the combustion process, the mixture is ignited and a flame develops into a detonation wave through the DDT process. When the detonation wave exits the combustor, rarefaction waves propagate, expelling the burned gas and decreasing the pressure to ambient pressure. Before introducing a fresh mixture, a purge gas should be added to expel the burned gas completely. The cycle frequency may be maximized by decreasing the time necessary for these processes. Some of the keys regarding the configuration and operation on PDEs were obtained from early studies. [8] [9] [10] Bussing et al. 11) presented the details of continuous operation. They pointed out that two PDE failure modes (i.e., preignition and detonation transition failure) were observed in multi-cycle operations. Preignition occurs as follows: The burned gas may not be perfectly removed in the exhaust process during actual operation, and the residual gases cause the preignition of the fresh mixture. To prevent this failure mode, they introduced the purge process in operation, but the detailed process was not studied.
A practical PDE facility with an initiator has been developed by Brophy et al. 12) and its detailed operation was evaluated by Mattison et al. 13) using laser diagnostics. In their studies, detonation transition failure, which is another failure, was observed, and it was pointed out that it is necessary to conduct injection and ignition under optimal conditions to avoid this failure mode. The most successive facility has been developed by Schauer et al., 14) and many valuable re-Ó 2005 The Japan Society for Aeronautical and Space Sciences sults and concepts such as partial fuel filling have been investigated.
From these studies, in order to conduct successful PDE operation, avoiding the PDE failure modes and clarifying the optimal condition are needed in the investigation of multi-cycle operations. Although these operational conditions depend on the design of each PDE facility, such as its configuration and fuel composition, it is valuable to show how these conditions are influenced and decided in a specified apparatus. In addition, the previous studies focused on PDE performance only, but its physical phenomena, especially the purge process, have not been clarified, hence evaluating this effect on the physicochemical processes in the PDE is necessary. This paper describes experimental results from a hydrogen-air PDE test facility, which was designed to conduct multi-cycle operations ranging from 10 to 50 Hz. A characteristic time in the exhaust process was discussed. Then, to avoid failure modes and obtain a suitable condition for multi-cycle operations, the effect of the purge process was evaluated by varying a purging fraction as a parameter. Finally, multi-cycle operations ranging from 10 to 50 Hz were conducted, and thrust-wall pressure and impulse are discussed.
Experimental
Schematics of the experimental setup and detonation tube are shown in Fig. 2 . The detonation tube consists of a stainless steel tube, solenoid valves, sensing probes and igniters. The tube is closed at one end and open at the other, and has a length of 850 mm and a 30-mm inner-diameter. It is connected to a dump tank with a volume of 0.40 m 3 . Two sets of solenoid valves (35A, MAC, Inc.) were used for the hydrogen and air, and located at both 100 mm and 300 mm from the left end (i.e., the thrust wall). Each port for hydrogen and air was situated opposite the other so that each would impinge the injected jet flows. The injection valves at 300 mm were utilized to increase uniformity of the fuel and oxidizer concentration throughout the whole tube. Two-needle spark igniters were used to ignite the mixture and were located at 200 mm from the left end. The supplied energy was several tens of mJ. A Shchelkin spiral was inserted in the tube to enhance detonation transition. The wire diameter and pitch of the spiral were 4 mm and 20 mm, respectively. The length of the spiral was 850 mm. Pressure transducers (PCB113A24, Piezotronics Inc.) were mounted along the tube wall and thrust wall. To detect combustion waves, two-needle ionization probes were mounted at the same axial position on the opposite side of the pressure transducer. These probes can be mounted at ports with 100 mm intervals. Data from the transducers were stored in storage oscilloscopes (DL1520, Yokogawa Electric Inc.).
The amount of the gases injected through the solenoid valves was evaluated from mass flow rate using a choke condition, and was controlled by changing the reservoir pressure or injection duration ( injection . The value was checked by calibration and reconfirmed using the partial pressure method with a closed chamber. Reservoir pressures were adjusted to 0.5 MPa for hydrogen and 1.5 MPa for air to satisfy the choke condition. The equivalence ratio of the injected mixture was estimated using the following equation: 0 ¼ 34:3=ð _ m m air = _ m m hyd Þ where _ m m air and _ m m hyd are the mass flow rates of injected air and hydrogen, respectively.
In the case of a single-cycle experiment, hydrogen and air were injected for the same duration. The time interval between the end of injection duration and ignition was defined as ignition delay time and is denoted by ( ignition . In the case of multi-cycle experiments, fuel injection and ignition were performed when the tube contained air in the first cycle. The end of the exhaust phase was defined when the pressure inside the tube returned to atmospheric pressure. Then a purge-air gas was injected from both air valves to remove the residual burned gas from the tube. Subsequently, the fuel injection, combustion and exhaust processes were repeated. Table 1 . The injection duration ( injection was 13.0 ms, corresponding to the nominal equivalence ratio of 2.2, and the ignition delay time was set to be 0.1 ms. The fuel filling ratio, which is defined by the volume ratio of the fuel-air mixture to tube volume, was 1.0.
An impulse in the tube was estimated by integrating the over-pressure produced at the thrust wall. In the case of the single-cycle experiment, the effect of the temperature drift of the piezo-type pressure sensor was weak, enabling this measurement. But in the case of multi-cycle experiments, the pressure transducers experienced a temperature drift, thereby making the estimation of an impulse by integrating the over-pressure on the thrust wall very difficult. We had to estimate the drift to obtain the thrust by defining the start and end of the cycle using the injection and ignition signal. For multi-cycle operations, cycle frequencies were varied, 10, 20, 30, 40, and 50 Hz. The initial pressure in the tube was fixed at atmospheric pressure, and the initial temperature was room temperature.
Results and Discussions

Dynamics of a single cycle
To verify the combustion process in this condition, single-cycle experiments were conducted. Figure 4 shows the pressure history on the thrust wall as well as the side wall with an ionization current record obtained in the single-cycle experiment. The ordinate denotes the pressure and ionization current in each measurement position and the abscissa denotes elapsed time after ignition. The pressure transducers were embedded on the thrust wall and side wall at 400, 600 and 700 mm from the thrust wall, and the ionization probes were on the side wall at 400, 500, 600 and 700 mm on the opposite side of the pressure transducers. The sampling time was 1 ms.
The dashed line shown in Fig. 4 denotes the CJ pressure. The CJ condition of the stoichiometric hydrogen-air mixture was calculated at 1.58 MPa and 1971 m/s by the chemical equilibrium code. The peak pressures at 400, 600 and 700 mm exceeded the calculated CJ pressure, clarifying it as a detonation, although there was ambiguity in the actual equivalence ratio described above. In the ionization current records, the signals from the four probes are identified and the two signals started at the same time as those of the shock wave front at 400 and 600 mm. The ionization current at 700 mm was also sensitized so that the combustion wave followed the leading shock wave up to 700 mm. Propagation velocity between 600 and 700 mm was estimated to be 1562 AE 24 m/s. This value was lower than the CJ velocity. It may be attributed to the non-uniformity of the fuel and oxidizer mixture. Moreover, the Shchelkin spiral was extended up to the tube end, and thereby also contributing to the velocity deficit of the detonation.
15) The pressure peaks larger than the CJ value and pressure oscillations in the rarefaction wave behind the detonation front were attributed to the effects of obstacles on the wall.
A pressure peak at the thrust wall was delayed from the peak at 400 mm. This is because the ignition plugs were located 200 mm from the thrust wall, and then combustion waves propagated both upstream and downstream. The combustion wave propagating upstream impinged on the thrust wall. Due to the compression of the unburned gas at the front of the combustion wave, a localized explosion wave occurred near the thrust wall. This explosion wave produced high pressure, up to 4.0 MPa, at the thrust wall. In the case of the spark plug located downstream from the thrust wall, Zitoun et al. 10) observed that the reflection of the pressure wave pro- duced a strong impact on the thrust wall. On the other hand, the combustion wave propagating downstream developed and transformed into a detonation wave near the axial position of 600 mm. Thus, it was verified that the detonation induction distance was less than 600 mm.
Exhaust process
In an ideal PDE, the burned gas is expelled out by only rarefaction waves naturally produced by the dynamic effects of the gas, and there is no need to utilize mechanical assistance such as a piston. In this section, the exhaust time and exhaust rate were evaluated. The exhaust time was defined as the time required reducing the thrust-wall pressure to ambient pressure. Endo et al. 4) formulated the exhaust time and clarified that it is correlated to tube length. Figure 5 shows the thrust-wall pressure history (time resolution 10 ms). The dashed line shows the baseline of the profile. The exhaust time ( exhaust was 4:9 AE 0:3 ms. The averaged exhaust rate was defined as the tube length divided by the exhaust time, L c =( exhaust . For the exhaust rate at the open end, which fluctuates largely, this value is assumed to allow evaluation of the exhaust process. The corresponding exhaust rate was 173 m/s, while the theoretical exhaust time and exhaust rate were 2.3 ms and 370 m/s, respectively. The exhaust rate of the experiment is less than that estimated due to the DDT process, which was neglected in the theoretical analysis. It is also attributed to the fact that the spiral disturbs the propagation of rarefaction waves. Therefore, to exhaust the burned gas smoothly, it is expected that internal obstacles, such as the spiral, not be placed in the tube.
Effect of purge process
In multi-cycle operations, preignition, which means the fresh mixture is ignited before ignition, and detonation failure have been observed as PDE failure modes.
11) These failures seem to occur due to the residual burned gas left in the tube as the result of an insufficient exhaust process. This burned gas vitiates the fresh mixture injected in the subsequent filling process, and then the initial condition of the fresh mixture, such as the equivalence ratio, is changed. In addition, preignition may occur due to the high temperature of the burned gas. To prevent these failure modes, a purge gas has been introduced to separate the fresh mixture and the burned gas. Inert gases such as helium, argon and nitrogen are preferable for this purpose, but their use causes an increase in weight and requires the use of a more complex system. Therefore, air was selected for this experiment.
A large cycle-to-cycle variation has been observed in multi-cycle operations during the development of multi-cycle PDE facilities. 16) This is because of the difference between the conditions of each cycle as well as the failure modes. After the first cycle, the gaseous components, internal flow field and temperature change dynamically because the burned gas vitiates the fresh mixture. To avoid this cycle-to-cycle variation, a purge process needed to be introduced. In this study, air was used as the purge gas, and the effects on combustion regularity and pressure variation were evaluated varying the purging fraction.
Three different purging fractions were applied to multicycle operations of 30 Hz, 14 cycles. Figure 6 shows the thrust-wall pressure histories with the three different purging fractions. A purging fraction is defined as a volume fraction of the purge gas assuming that the gas occupies a volume in the detonation tube, as shown in Fig. 7 . However, the actual distribution of the purge gas is different from this figure because the purge-air gas is injected through both valves. The baseline of pressure profiles increases as the operating time increases, because the piezoelectric transducers experience much temperature drift. Due to the capability of the storage oscilloscope, the time resolution was 50 ms for these multi-cycle experiments so that the pressure profiles were not resolved as those for the single-cycle data. However, each pressure peak reached the CJ or plateau pressure.
In the case of no purge ( Fig. 6(a) ), pressure spikes were observed only five times until 300 ms, and after that a slightly weak pressure increase was observed. This pressure increase shows that deflagrative combustion occurred during the latter part of operation, which causes the surface temperature of the pressure transducer to increase. In the case of the purging fraction of 0.186 ( Fig. 6(b) ), while variations in pressure peaks were still very large, the number of pressure spikes increased and became regular except for detonation failures around 100 and 300 ms. In this case, although the purge-air gas exhausted the burned gas, the fresh mixture was still vitiated because the purging fraction was not sufficient. In the case of the purging fraction of 0.217 (Fig. 6(c) ), proper pulse detonation was accomplished in nearly all cycles, except one, and peak pressure variations became small. The volume fraction between the thrust wall and spark plugs was 0.235 and the corresponding volume fraction between the thrust wall and solenoid valves located at 300 mm was 0.353, respectively. In the case of the purging fraction of 0.186, detonation failure and large pressure variation were observed, which caused by the residual burned gas near the spark plug. The purging fraction of 0.217 is almost equal to the volume including the spark plug position, hence it is considered that detonation became more regular because the burned gas near the spark plug was purged as the purging fraction increased. However, this purging fraction was less than the volume including valves at 300 mm, thus it is assumed that the pressure variation was caused due to the burned gas near the valves vitiating the fresh mixture. Therefore, it is surmised that this pressure variation decreases as the purging fraction increases.
A series of experiments to determine a consistent purging fraction were conducted for multi-cycle operations ranging from 10 to 50 Hz and the results are summarized in Fig. 8 . In these experiments, the injection time of 13 ms was constant, and the corresponding fuel filling ratio was 1.0. The vertical axis denotes the purging fraction, and the horizontal denotes the cycle frequency and exhaust time. In Fig. 8 , the corresponding volume including the spark plug position and the volume including valves at 300 mm are shown, respectively. The criterion of successful operation is based on whether or not over 90% of cycles were attained with regularity. In the case of 10 Hz, which is the lowest cycle frequency, the exhaust time was 75 ms, so the burned gas was fully exhausted and there was enough time to lower the temperature in the tube. Thus, purge process was not necessary. Above 20 Hz, the exhaust time dropped to less than 35 ms and the purge process was needed. Below 40 Hz, detonation occurred regularly with a purging fraction of more than 0.217, which was nearly equal to the corresponding volume including the spark plug position. In the case of 50 Hz, this purging fraction was not sufficient and regular detonation was attained when the fraction was raised to more than 0.248. It is considered that the self-blowdown process becomes insufficient as the cycle frequency increases. This indicates that some artificial exhaust process such as purge is needed for high cycle frequencies.
Feasibility of multi-cycle operations
If a PDE failure mode occurs, the pressure does not increase and the exhausting of burned gas becomes insufficient. Thus, whether or not detonation occurs regularly is crucial for multi-cycle PDE operation. In the first cycle of a multi-cycle operation, the fresh mixture is easy to detonate due to its well-controlled condition, but in subsequent cycles, the fresh mixture is vitiated by burned gas and disturbed over a complex flow field. Hence, it is difficult to initiate detonation. In previous sections, the exhaust and purge processes were discussed, and a suitable condition for multi-cycle operations was obtained. Here, in order to verify the combustion process and evaluate impulse, multi-cycle operations ranging from 10 to 50 Hz were conducted and the thrust-wall pressure and impulse were investigated.
Figures 9 show the thrust-wall pressure history ranging from 10 to 50 Hz. The purging fraction was 0.248 for this experiment. Large pressure spikes indicate detonation waves. A detailed pressure history was not clear due to the harsh sampling rate, 10 ms, but the theoretical and experimental plateau pressures agreed well. Detonation occurred in each cycle corresponding to cycle frequency; hence, it was verified that detonation occurs cyclically if suitable condition are attained. For the details of pressure profiles, after the detonation wave propagated the tube, exhaust rarefaction waves swept through the tube, reducing the pressure to the initial condition. In the case of 50 Hz, the peak pressure was still high, but the plateau pressure decreased due to the incomplete exhausting of burned gas. This experiment was conducted with a tube that had a length of 0.85 m and a spiral length of 0.85 m. From the results shown in Fig. 5 , an exhaust time of 4.9 ms was needed. At 40 Hz, the exhaust time was 10 ms, and this was sufficient for the exhaust process. But at 50 Hz, the corresponding time was 5 ms, and the exhaust process was not performed completely. Since the purging fraction of 0.248 was larger than that of the volume including the spark plug position, the burned gas near the spark plug was purged and regular detonation occurred, but an insufficient exhaust time caused the fresh mixture in the latter part of the tube to vitiate and quench the detonation wave. Therefore, the plateau pressure decreased at 50 Hz. From these figures, pressure profiles in each cycle seem to be the same and cycle-to-cycle variation does not appear. This means that the combustion process would not be affected so much when the cycle frequency increases. This result is important because ideal PDE performance is guaranteed as the cycle frequency increases. Figures 10 show the thrust wall pressure histories of the first and fifth cycles during 10 and 40 Hz operation to investigate the effect of cycle-to-cycle variation in detail. It is seen that the plateau pressures agree well with the theoretical value of 0.489 MPa with duration of 3.2 ms between first and fifth cycles of both frequencies. Comparing the 10 and 40 Hz results, pressure profiles were not different from each other. This suggests that the propulsive performance does not change over the wide range of cycle frequencies.
To ensure this result, the impulse was estimated. The impulse on the thrust wall for one cycle is defined as
where A denotes a cross-section area of the tube and ÁpðtÞ denotes a pressure difference across the thrust wall. The impulse was integrated from t to t þ ( cycle , where ( cycle denotes a period of the cycle.
The theoretical impulse was estimated using the EndoFujiwara model 4) 
where A1 , A2 and B are constants, p 1 is the initial pressure, p 3 is the plateau pressure, and the time constant t CJ is defined by L=D CJ . Parameters A1 , A2 and B and the plateau pressure p 3 are functions of specific heat ratios of the unburned gas and burned gas 1 , 2 and the Chapman-Jouguet Mach number M CJ . Then the fuel-based specific impulse of experimental and theoretical values are defined as
Using these values, the theoretical value was calculated as I spf ¼ 4;227 s. Figure 11 shows the impulse with cycle frequency. An ordinate denotes the fuel-based specific impulse. Five cycles were carried out for all frequencies and plot shows the experimental results of specific impulse obtained for each cycle. The theoretical specific impulses, which are independent on the cycle frequency, are shown as the horizontal line in the figure. The experimental impulse level ranging from 10 to 40 Hz was almost constant. Because of the incomplete purging of burned gas, impulses at 50 Hz were low as compared to other frequencies. This result ensures that the performance of the engine would not be affected very much over a wide range of cycle frequencies up to 40 Hz. The average specific impulse was about 2,391 s, which is 43% lower than the theoretical value of 4,227 s. The difference is attributed to the inhomogeneity of the local equivalence ratio, mixing and the diffusion of injected fuel-air gases, which may have a large effect on multi-cycle operation.
Conclusion
An experimental study on the multi-cycle operations of a pulse detonation engine was conducted using a PDE facility (30 mm in diameter and 850 mm in length) constructed at Saitama University. In this study, multi-cycle operations were performed with a rich hydrogen-air mixture. The exhaust process was examined and the effects of purge-air gas were studied in detail. The following conclusions are derived:
(1) An exhaust rate for the exhaust process was estimated from pressure records. The exhaust rate in the experiment was less than that theoretically obtained due to the inclusion of a spiral, which disturbs the propagation of rarefaction waves. To exhaust the burned gas smoothly, internal obstacles, such as the spiral, should not be inserted in the tube. (2) For the present arrangement of operational conditions, a purge-air gas was necessary for successful operation at frequencies higher than 20 Hz. As the volume fraction of the purged air is increased, the regularity of detonation is increased. (3) It is concluded that, for successful operation, it is necessary to inject air as a purge gas, at least to the volume that it sweeps the region including the spark plug position. (4) For appropriate purging, the thrust-wall pressure exhibits the ideal CJ pressure as well as the plateau pressure up to 40 Hz for multi-cycle operations. (5) The obtained impulse was found to be independent on the cycle frequency in the range from 10 to 40 Hz. For 50 Hz operation, it decreases to show insufficient formation of the charge. (6) The experimentally obtained impulses were 43% below the theoretical values obtained by Endo and Fujiwara. This is due to the inhomogeneity of the local equivalence ratio, mixing and the diffusion of injected fuel-air gases, which may have a large effect on multicycle operations. 
